Abstract: Using Fourier transform infrared (FT-IR) spectroscopy we investigated the water content of SAE 15W-40 diesel engine lubricating oil at various levels of contamination to establish instrument calibration standards for measuring water contamination in used or in-service engine oil by the standards of ASTM International. Since some known additives in consumer grade engine oil possess slightly hydrophilic properties, this experiment avoided changing the sample matrix with supplemental additives, such as adding surfactants, to achieve homogeneity of the original sample. The impact of sampling time after contamination on the spectral absorption signature was examined in an attempt to improve the accuracy of water contamination quantification and determine if water-soluble potassium bromide (KBr) windows were suitable for analyzing water in oil emulsions. Analysis of variance (ANOVA) modeling and limit of detection calculations were used to predict the ability to discriminate contamination levels over time. Our results revealed that the amount of water concentration in engine oil could be misinterpreted depending on the timing of the FT-IR measurement of the calibration standard after initial water contamination. Also, KBr windows are not sufficiently etched due to the limited window interaction with water molecules within micelles of emulsions to alter FT-IR spectral signatures.
Introduction
Typically, water does not mix readily with oil in any significant quantity due to the polar nature of water and the nonpolar nature of hydrocarbons; the attraction between water and oil molecules is far less than the attraction between two water molecules [1] . However, base engine oils are supplemented with additives. In particular, detergent additives interact and emulsify water. Zinc dialkyldithiophosphates (ZDDP) that are added for their anti-wear properties are also known to increase the saturation point of water in engine oil [2] . Water contamination in conventional engine lubricants can exist in a combination of three different states: free water, dissolved in oil, or as an emulsion [3] . Water can exist in a dissolved state (soluble form) with no visual indication until it reaches its saturation point dependent upon temperature, oil additives, and the age of the oil [3] . The presence of water in a dissolved state is due to engine oil being slightly hygroscopic [4] and is typically not seen as critically harmful to most components [5] . Water/oil emulsions can exist anywhere from 100 to 1000 ppm depending on the additives present, and the water/oil droplets in the emulsion can range from nanoemulsions (sub-100 nm) to microemulsions (10 µm) [6, 7] . Free water consists of water droplets not dispersed or mixed with the oil and is second only to emulsions in being harmful to lubricated components, but is more easily separated from the oil than an emulsion [5] . Agitation, heat, and pressure caused by oil circulating through an engine will emulsify the water contaminate over time. While free water may exist at the bottom of an engine oil sump, common sampling procedures intentionally avoid sampling this area [8] . As a result, water in an engine oil sample primarily exists in dissolved or emulsified states, with dissolved water in concentrations as low as 50 ppm until it reaches the engine oil's saturation point at which time droplet or micelle formation can occur [9] .
Various efforts have been made to measure the water contamination of engine oil using different techniques. In 1965, researchers reported the possibility of using an infrared spectrophotometer to determine water contamination in engine oil by relating percent water in oil to absorbance per cm in the 2.9 µm band based on differential infrared analysis [10] . Mid-infrared spectroscopy in the attenuated total reflectance mode was successfully used to relate water band (3100-3700 cm −1 ) absorption to up to 2.6% water content in marine lubricating oil samples using partial least squares regression [11] . With near-infrared spectroscopy, the water band was readily seen due to the changes in dipole moments under stimulation of light and hydrogen, being the least massive of atoms, experiences the greatest vibrations as seen with the O-H bond [12] . Interval partial least squares regression (iPLS) applied to FT-IR results of water in oil found the interval 3598-3732 cm −1 resulted in the best prediction of water contamination [13] . Photoacoustic spectroscopy at 2.93 µm has been successfully used to detect water in oil with detection limits better than FT-IR [14] . A micro-acoustic sensor was used for water/oil emulsions and found the presence of water in engine oil caused an overall slight decrease in oil viscosity of up to 2% at 20% water concentration [15] . FT-IR analysis has been used to compare the properties of new and used engine oil to determine the feasibility of reconditioning the used oil as a dispersant in coal-water slurry fuel oils [16] . Terahertz time-domain spectroscopy has been used to discriminate among relatively low water concentrations (0%, 1%, 2% v/v) in conventional diesel engine oil with statistically significant differences among the water levels [17] . Also, nuclear magnetic resonance (NMR) spectroscopy has been used for various studies including studying the degradation of engine oil [18] analysis of the water content in chicken eggshells [19] , detection of oil contamination in water [20] , etc. With the decrease in cost and size, NMR devices have the potential to replace the more common methods of detection.
There are a number of commercially available methods for the testing of water in engine oil. One of these is the crackle test where a sample of oil is heated slightly above 100 • C to watch and listen for the boiling of water [2] . Other commercially available methods include a stoichiometric test by mixing the sample with calcium hydride in a pressurized vessel [9, 21, 22] , the Karl Fischer coulometric titration (ASTM D6304, West Conshohocken, PA, USA) method of measuring the oxidation of sulfur dioxide by iodine and water [9, 21, 22] , relative humidity testers that cannot measure free or emulsified water [9, 21] , and FT-IR analysis that can measure dissolved, free, and emulsified water and correlates well with the Karl Fischer method [9, 22, 23] . ASTM International (ASTM) has established FT-IR standards of practice for testing water contamination in used or in-service engine oil [24] .
Water/oil emulsification takes time due to the strong cohesiveness of water molecules and the limited intermingling they have with the slightly polar end of some oil additives. This, in turn, affects the detectability of moisture content with FT-IR. Also, a demulsifying process can occur over a very extended period as some encapsulated water molecules are less kinetically stable than others. Analyses of the time it takes emulsifying agents to react at the water/oil interface in oils used by the pharmaceutical, food, and cosmetic industries have been performed to improve emulsifier selection for those industries [25] . Also, a number of studies within the petroleum industry have examined the opposite effect, the stability of water/oil emulsions, and the rate of demulsification [26] [27] [28] [29] [30] [31] [32] . Obtaining a complete emulsion of water in oil may be critical to accurate and repeatable FT-IR measurements of water in oil. ASTM E2412-10 [25] did not include consistent specifics on the mixing of a sample before FT-IR analysis. The main body of the standard indicates that samples be shaken or agitated to ensure a representative sample, while the second annex specifies mixing, sonicating, or mechanical shaking for at least 15 min [25] . Researchers have approached the water/oil emulsion differently. Some researchers have specified mixing samples to obtain emulsion [4, 17] , while others did not specify. Other researchers have minimized mixing to obtain water/oil emulsions with additional detergent additives [13] . Differences in the emulsion state of water in oil may impact FT-IR results. Attempting to sample free water directly from the bottom or even falling within the oil column does not ensure a strong correlation with actual water concentration in oil. Emulsified water/oil best represents the state of a water-contaminated oil sample removed from an engine. A sufficiently stable, emulsified sample with infrared-absorbing micelles helps reduce the variability of measurements caused by the scattering of infrared light by larger water droplets [33] .
No studies have focused on understanding the time lag of freshly contaminated oil to form a complete emulsion in creating calibration samples for accurate FT-IR measurement. We investigated the capability of FT-IR techniques to distinguish eight levels (0%, 0.1%, 0.2%, 0.5%, 1%, 2%, 5%, and 10% v/v) of water contamination of fresh diesel engine oil and to determine if this capability changes over time due to the rate of a water/oil interaction.
Material and Methods

Sample Preparation
A container (946 mL) of a common diesel engine oil (SAE 15W-40, Shell Rotella T) was purchased from a domestic retail market in Carbondale, IL, USA. A pipette was used to place 8-ml samples of this fresh oil into each of 16 clear glass vials (in accordance with ASTM standards [24] ) that were approximately 15 mm in diameter and 47 mm in height. The treatments included different water proportions that contaminated the fresh engine oil (0%, 0.1%, 0.2%, 0.5%, 1%, 2%, 5%, and 10% v/v).
The contaminating process was performed by replacing the appropriate volume of oil with the same amount of distilled water using a pipette. For example, 8 µL of oil was removed and 8 µL of water was added for 0.1% water contamination samples. Different volumes of 16 µL, 40 µL, 80 µL, 160 µL, 400 µL, and 800 µL were used for the other water contamination levels of 0.2%, 0.5%, 1%, 2%, 5%, and 10%, respectively. Two samples of each water contamination level and two control samples of 0% contamination were prepared for a total of 16 samples. At week 0 and for each subsequent week's measurement, each prepared sample, including the noncontaminated sample, was agitated for about two hours (a minimum of 15 min of agitation is recommended by ASTM International standards for in-service oils [24] ) with a rotary device and left for about 24 h before performing the FT-IR analysis to allow any air bubbles formed during agitation to disperse and for free water to settle. In creating a calibration standard, the goal is to create the most stable and consistently reliable contaminant concentration, hence the wait time to allow for only the emulsion particles with long-term stability [34] to remain in the oil matrix before FT-IR testing. The aim of agitating the oil samples was to obtain a relatively consistent homogeneity in the samples each time before testing. Each sample was stored in a closed vial and left standing upright in a closed box to prevent photo-degradation apart from when a vial would temporarily be removed for sampling for FT-IR analysis, shaking, or having a photo taken to track any change in color.
FT-IR Spectral Analysis
The infrared spectra were recorded with a wavenumber range of 400 to 4000 cm −1 with an FT-IR spectrometer (Thermo-Nicolet Nexus 670, Waltham, MA, USA). The system was purged with dry air before each measurement (background or sample) to minimize interference from atmospheric moisture. A background measurement, KBr windows alone, was taken before measuring each sample. A 3 µL portion of the respective sample was pipetted from the vertical and horizontal center of the vial onto a 1-inch diameter KBr window and a similar window was placed atop the first and rotated 90 degrees to ensure the oil was spread evenly over the windows' faces-aligning the same window faces with one another in the same orientation as noted by marks made on the edge of each window that were also aligned with a notch in the sample holder that was inserted in the FT-IR in the same orientation each time, such that the general crystalline structure's alignment had reasonable uniformity throughout the tests. The KBr/oil sample was placed in a sample tray with a polytetrafluoroethylene (PTFE) ring sized to ensure the windows were in the same physical orientation and location in the sample holder each time the experiment was performed to reduce the possibility of differences in the refraction of light between each measurement. By gathering the spectra from the same location of the KBr window during the measurement of the background or sample, spatial dependent spectra were minimized. After each sample was prepared in a KBr window, two consecutive spectra measurements were recorded. The KBr windows were cleaned with methylene chloride after each sample was tested.
The ASTM standards note that KBr windows can be used without the necessary fringe corrections that would be required for zinc selenide (ZnSe) windows. However, it cautions that KBr window cells are prone to water damage [24] . For testing the reliability of KBr windows (KBr being widely available, economical, and offering an excellent transmission band across the IR spectrum), an oil sample with the highest concentration of water contamination (10% in the stable emulsion, week 9) was used to run successive spectral acquisitions. After the 3 µL portion (emulsified water-in-oil sample) was pipetted onto the KBr windows as previously described (providing a typical path length of approximately 0.01 mm), the system was purged with dry air prior for about 3 minutes, and then at least two spectra were collected. Afterward, the sample holder (including the KBr windows with sample) was moved from the usual upright position and allowed to rest horizontally in the dry ambient air (inside the FT-IR) for an extended water-in-oil emulsion on KBr windows exposure time of 30 min. Again, after repositioning and purging following the elapsed time, more spectra were acquired from the extended exposure time of KBr windows on the water-in-oil emulsion. The windows were cleaned as previously mentioned and spectra of fresh samples were collected.
The aforementioned procedures were repeated for the extended exposure times of 60 min and 90 min for the two subsequent trials. This entire procedure was also performed once again on the same KBr windows as well as on a different set of KBr windows.
As for testing the emulsification of diesel engine oil over time through mechanical agitation without the addition of supplementary emulsifying agents, thirty-two spectra measurements (2 for each of the 16 samples) were completed weekly for five consecutive weeks starting from week 0 (the day after oil contamination) to week 4. The similar FT-IR analysis was followed at week 6, 9, and 14. The amplitude of water's O-H stretching band (approximately 3000-3800 cm −1 ) was used for spectral analysis. The amplitude of the signal peak was determined from a two-point baseline as stated in the ASTM standards [24] .
Data Preprocessing and Analysis
Before analysis, FT-IR spectra were inspected and discarded if the intensities in the region of 2900 cm −1 to 2940 cm −1 were higher than the absorbance threshold of 2.5 a.u. to avoid any saturation effects in the measurement. Prior to statistical analysis of the area of the wavenumber range of the O-H stretching band (from 3150 to 3500 cm −1 ), the baselines of each whole spectrum were adjusted to minimize effects of baseline shifting between FT-IR measurement. As similarly established with the ASTM standards, the end of the spectral range [24] (3970 to 3995 cm −1 ) where each spectrum flattens due to the lack of any detectable signals was shifted to zero on the absorbance scale, and the same shift was applied to the entire baseline of each respective spectrum.
Each of the four spectra measurements for each water contamination level for each week were treated as replications [35] . Analysis of variance (ANOVA) was used to determine if there was a significant difference (α = 0.05) in absorbance among the water contamination levels for each week of measurements and Fisher's least significant difference (LSD) was used to determine significance among contamination levels. Regression analysis was completed using absorbance to predict water contamination using data from each week. The linear models were evaluated on the coefficient of determination (R 2 ).
To determine the smallest concentration of water that can be measured by FT-IR, the amplitude of the entire broad peak water signal around the 3400 cm −1 wavenumber was used for relative comparison over time [36] . The amplitudes of water absorbance were found by Gaussian curve fitting after eliminating the continuum background. The peak amplitude from each of these was plotted over time. The mean of two measurements for each sample was used to find the amplitudes of the water signature for each respective sample with the exception being if a measurement was discarded.
Water absorbance amplitudes versus water concentration were used to quantify the limit of detection (LOD) and limit of quantification (LOQ) [37] for water concentrations in oil by FT-IR spectral analysis. LOD and LOQ were calculated from a linear regression fit, where LOD = 3.3 
Results
FT-IR Absorption Spectra
The variability in spectral signatures from water-soluble KBr windows due to even the highest concentration of 10% water in oil emulsion was negligible as seen in Figure 1 . The mean amplitude of the O-H stretching band was plotted versus the exposure time of the KBr windows to the water/oil emulsion. In case one argues that the cleaning process polishes the windows, the plot does not reflect the additive total exposure time, but merely the time an individual sample sat sandwiched between the windows during the purge process, spectral acquisition, and the purposefully extended exposure time. The mean peak amplitudes of the water signature throughout the KBr usability tests were comparable to the week 9 values as will be demonstrated later in Figure 3 , yet the windows' solubility to water was not a critical factor in spectral acquisition even after extended exposure time. In fact, the mean value of the peak water amplitudes taken of the fresh sample after the additional 3 days of exposure had a value of 0.2089 ± 0.03 a.u., which is indeed within the expected range as would be anticipated by examining Figure 1 . The spectral signatures seem to be less affected by a water/oil emulsion exposure to water-soluble KBr windows than indeterminate errors such as sampling differences, background gas, and instrument noise that can affect the experimental results.
FT-IR absorbance spectra in the O-H stretching band changed over time, with little difference among water concentrations one day after contamination (week 0) to noticeable differences at week 9 ( Figure 2) . The mean of the amplitudes for the peak water absorbance of the samples was plotted for each water contamination level over time to depict the increased interaction and detectability of the water/oil mixture, as seen in Figure 3 . The minuscule values for the 0% appeared quite random and showed no correlations (i.e., low R-squared value) over weeks. The 0.1%, while not as random, was still out of the limit of detection for the instrument. However, the higher value of R-squared for the concentration from 0.2% to 10% shows a strong correlation change of water content in oil over weeks as 2nd order polynomials. FT-IR analysis of different concentrations of water contamination in diesel engine oil demonstrated an increasing ability to detect low-level concentrations of contamination over time. As the time interval increased on a weekly basis, the water molecules increasingly interacted with the oil and additives and became more dispersed throughout the oil column and more likely to be probed by the pipette for FT-IR analysis. The linear representation of absorbance vs. percent concentration (as depicted in Figure 4 ) was similar to the fifth figure in the Frassa study [10] , but we have multiple weeks represented. The separation between week 4 and week 6 can, in part, be explained by no data collection being taken at week 5. The fact that the remaining free water was dwindling as it entered a stable emulsification led to a plateauing of average absorbance values after week 6 as is seen in Figure 3 . This is also evident in Figure 4 by the fact that week 6 through 14 become more minimally spaced.
The 5% and 10% water contaminations had noticeably larger amplitudes than the 0% control at day one. While the 10% concentration was readily detectable as having water on day one, the amplitudes of the water-contaminated samples rose over time and most started to become different from each other starting from week 2, before beginning to plateau around week 9 as the water reached a maximum dispersal as an emulsion. This dispersive effect can be witnessed over time as a milky emulsion. The graph suggests that by week 4 and week 9 the 0.2% and 0.1% concentrations should be discernible respectively; however, with the variability in the amplitudes and the similarity to the control's amplitude, one cannot safely make that argument as shown with the LOD. After week 9, it is suspected that Ostwald ripening may start to make the emulsion unstable causing a phase separation as some downward trending in water absorbance signatures has already started taking place [38] . As Ostwald ripening occurs and the droplet size increases this can increase the scattering of incident light which in turn decreases the extinction coefficient for the test sample. This is in accordance with Mie theory for droplet sizes from 1 to 100 µm where the index of refraction has a larger contribution than does the particle size [39, 40] . This in part may explain the variability that is especially seen in the higher concentration of 10% contamination as the initially large water droplet is dispersed into a varied distribution of particle sizes, some potentially much larger than others, yet fewer in number [41] . A sampling size of 3 µL may be too small to guarantee a true representative sample of this size distribution yielding in some cases greater numbers of larger droplets that scatter light, reducing the extinction coefficient and in turn reducing the absorbance signatures. More replications and larger sample sizes may reduce this variation. A larger sample size and an increased path length could also yield a better LOD.
ANOVA Modeling
Differences between the area of the FT-IR absorbance measurement of each contaminated oil sample and the area of the mean of noncontaminated samples in the 3150-3500 wavenumber range were summarized in Table 1 , indicating the number of significant differences among the contamination levels. At week 0 (1 day after contamination and mixing), the only significant difference was that 10% was higher than the lower concentration levels (0.5-0.1%). At week 1, 10% and 5% were significantly different from each other and from all other levels, and although there was no difference in 1% and 2%, they were significantly different from all other levels. At week 2, 0.5% was also distinguishable from all other levels. The significant differences among the contamination levels were similar for weeks 2 through 14. Week 14 had the most significant differences among contamination levels, with 10%, 5%, 2%, and 1% different from each other and all other levels. The lowest two contamination levels of 0.1% and 0.2% were not distinguishable at any week. Generally, the mean absorbance for a given contamination level increased over time with some plateauing about week 9. Table 2 summarizes the changes in absorbance by week for contamination rates of 0.5%, 1%, and 2%. For 0.5%, absorbance for week 0 and 1 was significantly lower than all other weeks except week 3. For 1%, week 14 had the significantly highest absorbance, with weeks 6 and 9 significantly different from the other weeks. For the 2% rate, absorbance at weeks 6, 9, and 14 were significantly higher than the other weeks. The difference in the absorbance values between each contamination level and the noncontaminated sample changed each week, indicating an increase in detectable water in the samples over time, as also evidenced by a change in color from the typical amber color of new engine oil to a milky color. This change was most likely a change in the amount of water in complete emulsion with the oil.
Predicting Water Contamination Level from FT-IR Absorption Spectra Analysis
The LOD and LOQ were calculated over time after the initial contamination using the data in Figure 4 and clearly showed that FT-IR analysis failed to discriminate many harmful levels of water contamination in the middle of the oil sample, 24 h after the initial contamination. As shown in Figure 5 , one day after initial contamination the concentration of water had to be over 3% to be detectable. By week 4 a concentration slightly over 1% should be detectable. The concentration samples yield over 10 times the testing detectability by week 9 as opposed to week 0. The limit of the FT-IR demonstrates that by week 9 a water contamination level of slightly over 0.4% should be detectable. The LOD curve appears to follow a logarithmic curve such that L D = −0.591 ln T + 1.92, where L D is the limit of detection and T is the time in days. As the water reacts with the oil, the "half-life" of the remaining water yet to react can be described by L Q = −1.79 ln T + 5.83, where L Q is the limit of quantification and T is the time in days. The LOQ for the first day after contamination has to be well above a 10% water concentration. By week 4 one should be able to reliably quantify a sample as having a 3.2% level of water contamination. A concentration of 1.3% should be discernible and quantifiable by week 9. It may be worth noting that others, such as Gaunt, Street, and Wolley have recognized that an average evolution for decaying individual components can yield a logarithmic decay [42] . As the available free water is taken up into the oil matrix to become an emulsion, a "decay" of the rate of increase in spectral signature occurs. But as the increase in the spectral signal of water plateaus, the LOD's rate of decrease "decays" over time as well, which leads to a diminishing return on the better (smaller) values that can be reliably discerned. 
Comparing the Modeling Techniques
The ANOVA modeling in Section 3.2 looked for significant differences among data. It revealed any significant differences among the various contamination levels. Through this statistical analysis method, the actual differences in the area were analyzed.
The relatively standard calculation method for the LOD in Section 3.3 is a technique that typically has good predictability with concentrations below the linear range of device response than with higher concentrations because the sensitivity was defined as the slope of the calibration curve. The LOD depends upon the calibration curve for a range of low concentration values from the limit of blank (LOB), the highest value for a false positive, to around 4 times the LOB to determine the lowest detectable limit of finding an analyte with 95% probability [37, 43] . This methodology magnifies the ratio of the standard deviation of the intercept to the slope by 3.3 and compensates for possible discrepancies in the equipment and testing techniques due to the lack of replications and lack of concentration in the linear range of device response. The LOD of 1.3% concentration at week 9 correlates well with the ANOVA results of being able to discern a 1% contamination from the lower concentrations at the same week.
Conclusions
FT-IR analysis has been employed in the detection of water contamination in engine oil as it can detect dissolved water, free water, and water/oil emulsions. However, as this study suggests, a sample needs to be fully emulsified when creating a calibration standard. With this rotary mixing method, the timing of sampling (after contamination) can play a critical role in reliable detectability due to the hydrophobicity of engine oil; however, a relatively stable emulsion can still be generated for a calibration standard without needlessly changing the sample matrix with additional detergents or surfactants. A stable emulsion by its very nature provides a reliably consistent homogenous sample for quantification purposes with FT-IR analysis, yet, as demonstrated in this study, full emulsification of all free water within a sample can take time. At very high concentrations of water, a water signature can be seen in the IR spectra a day after mixing, but it is not well correlated with the actual concentration of water. Free water contaminants being denser than oil quickly sink to the bottom after mixing, evading the sampling probes. Over time this free water can interact with the oil and the typical detergent additives in modern engine oil with both polar and nonpolar ends to form a stable emulsion. The mixing of this emulsion causes water migration within the oil column and is now not only less likely to escape sampling but provides a more accurate representation of water concentration. Reaching this emulsified state with a calibration standard should be more representative of the actual in-service oil samples that a laboratory would typically receive for testing. A stable emulsion reduces scattering, is a dependable predictor of concentration within the water/oil emulsion, and the small micelles being surrounded by oil do not show significant interference with the water-soluble KBr windows that provide excellent IR transmission.
Based on ANOVA and linear regression results, week 14 after contamination yields the best results in terms of ability to discriminate among contamination levels. The limit of quantification of water contamination improves as a logarithmic scale over time after initial contamination and yields an order of magnitude improvement from the first day to week 9. This information may lead to better FT-IR analysis protocols to determine the level of water contamination in engine oil with greater reliability and accuracy. Further studies are recommended to investigate the mixing methods employed to induce emulsification before testing as the ASTM International standards may not adequately address this.
